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ABSTRACT 
,, 
This thesis explains the methods, procedures, and 
efforts relating to the building of a scale model 
material handling system and associated workstations. It 
is part of a long term project to create a physical model 
of a computer operated manufacturing system. ''The scale 
from which equipment was made was taken from an H.O. 
model railroad. 
Movement of material from one workstation to another 
was done by loading the material onto a specially made 
cart (which simulated an automatic guided vehicle) and 
transporting it to another position by traveling along a 
track. The cart was designed to off-load by means of a 
small pneumatic cylinder onto the accumulating system for 
the workstation. 
The material handling portion of this project is but 
one aspect of the entire project. Other areas of 
computer control and sensor technology are being 
described in seperate reports by others. It is important~ 
to understand that each of these areas have been 
integrated into one complete material handling system. 
The system described in this paper is not intended to be 
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the final design. It was built in a modular design so 
that future researchers could expand upon the original 
wo:,:k. 
The goal of the project was to simulate as 
realistically as possible, a computer controlled, 
riderless vehicle material handling system that would 
supply and remove products from work stations on demand. 
The demand is to be adjustable from an operators control 
panel and • 1S to be ·serviced without direct manual 
intervention. 
The benefits of a physical model in the process of 
justifying 
installation, 
the funding 
simulating a 
for a proposed system 
new manufacturing line, and 
..... 
educating students is also discussed • 
.... 
'. 
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INTRODUCTION 
\ 
BACKGROUND INFORMATION 
With increased competition in the manufacture· of 
finished goods around the world, a concerted effort has 
been initiated by both industry and academia to increase 
the quality of products and the productivity of both men 
and machines. Work has progressed in the automation of 
machine tools, the creation of software interfaces to 
allow communication between various pieces of hardware, 
the design of products that can be fabricated 
automatically, the development of complex control systems 
for production, and a host of other areas deemed to be 
significant in the development of the automated factory • 
One area that seems to be of particular significance 
• 1S 
the movement of product between manufacturing processing 
_,.. 
stages through which it must pass to become a finished, 
usable item ready for the market place. 
The Material Handling Industry 
Increasingly sophisticated equipment has been 
designed over the years to enable parts and assemblies to 
be transported from operation t·o operation as they go 
through the process of becoming a finished product. An 
3 
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industry has emerged that specializes in methods and 
equipment to handle the movement of materials and has 
become known as the material handling industry. 
Initially the equipment produced by this industry 
was manually operated carts, trucks, racks, pulleys, 
lifts, and gravity shoots. With the increased need for 
speed, cube utilization of storage space, and inventory 
control, the industry began producing equipment that had 
the capability to automatically store and retrieve 
materials in a rack storage system. Individual work 
stations become more mechanized and equipment was made to 
provide orientation of the part for the next operation. 
Buffer stock queues were also established between work 
stations to reduce down time due to short term problems 
with one station. 
A variety of equipment was offered by the materia~ 
handling industry to service the needs of manufacturers 
and processors, but each piece of equipment was primarily· 
a self contained unit operating without a knowledge of 
the world around it. As manufacturers and processors 
began to see the need to link machine tools together, the 
material handling industry developed equipment that could 
sense the status of machines and provide the needed 
4 
- . 
service such as the loading and unloading of 
parts. This 
was typically done through the use of lim
it switches, 
conveyor belts, and other linear or rot
ating part 
' 
delivery systems. 
With the proper supply of parts at the fron
t end of 
the process and the capability of removing pa
rts at the 
final operation, a system could operate for 
long periods 
of time without the need for manual 
I I 
servicing. The 
machine tool industry also developed the c
apability to 
run production machi~es without the need of 
a full-time 
operator. Systems such as these became
 more self 
contained and today we would refer to a syste
m like this 
as an "island of automatior,." 
THE NEED FOR MODELING 
The cost of material handling equipment ha
s grown 
along with the complexity. When the cost 
of material 
handling equipment was small in relation to
 the cost of 
production equipment very few managers we
re concerned 
with the material handling costs of a propo
sed project. 
If the handling equipment did not work as 
planned, a 
piece of equipment could be changed for a mo
dest cost and 
without a significant time delay. 
5 
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With the increased usage of material handling 
equipment as an integral part of the production system, 
the proportional cost of the entire project for material 
handling equipment increased dramatically. Along with 
that increase came an increase in the, time and effort 
expended to specify, design, test, and debug the 
equipment. An error in the material handling portion of 
of the project could now spell diasaster for the entire 
installation. 
If a system could be tested during the specification 
and design phase of a project costly errors or possible 
failure of the production system during startup could be 
prevented. This realization was a driving force behind 
the development of a variety of methods that would 
simulate or model the actual equipment prior to the money 
being spent for its design and installation. 
EVOLUTION OF MODELING 
Models of systems have been developed using a 
variety of techniques. Early models were simply layouts 
of manufacturing lines or machine groups. Scale drawings 
of machines were placed on a grid to better visualize the 
physical relationships between machine tools and other 
6 
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structures such as walls, columns, electrical outlets, 
hoists, conveyors, door I openings, etc. These two-
dimensional models provided a means whereby engineers and 
planners could better discuss and analyze the system that 
was to be installed. 
"'i 
An improvement of the two dimensional model was the 
addition of a third dimension. Small models of equipment 
were placed in relation to each other with the ability to 
see a more realistic picture of what the final 
installation would look like. Height relationships could 
now be examined along with the need for special lighting, 
heating, air conditioning, and utility drops coming from 
the surrounding area. 
A major analytical necessity was still I I missing, 
however. The ability to scrutinize the working operation 
of the system was not present except by the laborious 
method of writing out the flow information of parts,. such 
as cycle times for machine tools, speeds of conveyors, 
and capacities of buffer stations. Something more 
dynamic was needed to keep track of what was actually 
happening on a real time basis. 
The widespread availability of computing power has 
allowed the application of mathematical models to be used 
7 
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that have the capability to simulate dynamic systems and 
report the status of buffer stocks, areas of bottlenecks, 
and machine overloads. These models could simulate . 
scheduled maintainance of equipment, unplanned down time, 
stock outs, and other probabilistic situations that could 
be imagined by the originators of the models. 
A relatively new dimension to the process of: 
modeling is the combination of computerized mathematical 
models and the operation of a three dimensional scale 
model of an installation that operates in the same manner 
as life-sized equipment. An examination of the benefits 
and associated problems of such a model is the-purpose of 
this thesis. 
PROJECT GOAL 
The goal is the project is to simulate an automated 
factory on a scale similar to that of an HO model train 
set with the ability to control the movement of the work 
stations and material handling equipment,,with a personal 
computer. 
threefold: 
, "'Ii . 
' . 
The benefit in setting qp a working model 
I 1S 
1. To explore the uses of a physical model in 
simulating the actions of a factory installation. 
8 
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2. To demonstrate the I usefulness of a physical 
model as a project justification aid to explain the 
concepts, functions, and design of the system to be 
installed. 
3. To use the model as an education technique for 
the study of manufacturing systems to allow students a 
chance to gain insight into the relationships that exist 
within the system. 
The model also offers the ability to • experience a 
greater 
introduced 
number of variables than those typically 
• in a system • using a purely mathematical 
modeling approach. The cost, although not insignificant, 
is far less than it would be if life-sized equipment W?re 
used and.the physical model is more easily understood be 
a variety of people than a computer simulation of similar 
complexity. 
DESCRIPTION OF THE PROJECT 
A scale model of a manufacturing system, including 
material handling system, workstations, and computer 
controls, is being built so that it will operate as an 
automated factory. The material handling system consists 
of an HO model train track with small motorized carts 
9 
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that function as automatic guided vehicles (AGV's) do • in 
factories today. A track layout has been established to 
provide access to six work areas that will be used to 
simulate ·manufacturing workstations and each workstation 
will be serviced by one or more material handling carts. 
The project will be an on-going effort for several 
years and will ultimately be computer controlled. The 
system will be.closed-loop with feedback 
I given to the 
computer by way of sensors verifying that instructions 
have been carried out by the system. 
The model will offer an opportunity for students to 
• experience first hand the problems that 
• • arise in an 
actual factory environment and to introduce problems into 
the system that are faced by manufacturing engineers in a 
' 
factory. The model will provide a variety of 
opportunities for understanding existing material 
handling technologies, computer simulations, exploring 
optimizing strategies, developing mechanical interfaces 
between pieces of equipment, and research into new 
material handling devices. 
The project is divided into three major areas of 
re~ponsibility with one student concentrating on each 
area. 
10 
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1. Material Handling: 
2. Computer Controls: 
3. Sensors: 
ORGANIZATION OF THE THESIS 
This thesis considers the characteristics of the 
overall project of physical modeling and the sub-area of 
material handling within the model. The sub-areas of 
computer controls and sensors are covered by other 
students in their reports. 
Chapter one discusses the progress~ of the 
manufacturing industry in trying to cope with the ever 
increasing need to be innovative in developing more 
efficient methods and equipment. The root of the problem 
lies in increasing the overall productivity of the 
manufacturing sector in the face of increased world 
competition. The resulting use of mechanization and 
automation has evolved into complex manufacturing systems 
that are being controlled and serviced with information 
by computer databases and networks. The concept of the 
"factory of the future" is presented to give the reader 
some insight of the long term objectives that are shaping 
the thoughts and actions of manufacturing management 
11 
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throughout the industry. 
Chapters two, three, and four present three 
significant benefits of physical modeling; .the ability 
to simulate a system before it is built, the use of a 
model as a justification aid to 
I 
win the approval of 
funds, and as an educational technique to improve the 
process of learning. These are the motivators behind the 
efforts directed toward development of the model by 
students and advisors. 
A presentation of the work done on the model during 
the summer and fall of 1985 is given in chapter five. 
The initial ideas are covered along with the preliminary 
work done by students in trying to define the parameters 
that would contain the project and allow the development 
of a useful model. A description of the material 
handling equipment and workstations is given along with 
the details of their selection, construction, and 
operation. 
The final chapter covers a comparison between a 
scale model and an actual manufacturing system. Elements 
of scaling, timing, and accuracy are put into perspective 
so that the benefits of a physical model are not negated 
by an unrealistic concern for exact replication. A 
12 
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discussion of proposed future work on the model is 
presented along with a few final thoughts about the 
project and its relationship to the emerging field of 
factory automation. 
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CHAPTER ONE 
INTRODUCTION 
I 
THE PROGRESS OF THE MANUFACTURING 
INDUSTRY 
In order to understand the significance
 of the 
current technologies used in modern manuf
acturing plants 
it is helpful to understand the evolutionar
y process that 
brought these developments into being. 
There are times when technical developmen
ts precede 
the need for them. That is not the typ
ical sequence,. 
however. The competitive nature of t
he free world 
I improve their 
economies usually pushes manufacturers to 
processes and equipment to stay competitiv
e. and gain new 
market share. There are many more needs th
an there are 
technical answers for those needs. 
/ 
An example would be the need for tires du
ring World 
War II. Prior to the war, tires were made 
from natural 
rubber with its associated imperfection
s. With the 
dramatic increase in demand for tires brou
ght on by the 
war, a major effoct was made to develop synthet
ic 
l 
materials for the production of tires. 
A synthetic 
rubber was developed based on the researc
h and a market 
need was met. Without the war the synthet
ic.rubber would 
14 
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probably have been developed, but the dramatic market 
need was the vehicle that focused attention to that area 
of research which speeded the process of development. 
THE NEED FOR INNOVATION 
Since the industrial revolution, the United States 
has ridden the crest of a wave of industrial innovation 
and technological improvement that has carried the 
country to ever greater heights in the standard of living 
of the millions of people that make up the middle class 
bf our country. There have been times of hardship and 
discouragement during the depression of the 1930's, and 
other relatively short periods since the industrial 
revolution began, but several generations have grown up 
with the notion that americans really did have a talent 
that no other country in the world had. A special skill 
to be creative in the development of scientific and 
technical innovations. 
In the 1970's a series of events occurred that began 
to cause people to doubt that long adhered to concept of 
a superior ability. In 1971, the United States imported 
more manufactured goods than it exported for the first 
time • since the late 1800's. From that time to the 
15 
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present there has been an ever increasing trend to 
consume products that have been made in foreign 
countries. Inflation began to soar out of control and 
the value of the U.S. dollar weakened against other 
currencies. Basic industries such as steel, automobiles, 
mining, and lumber were being bludgeoned by the increased 
competition from manufactured goods and raw materials 
originating from for~ign countries. Highly technical 
products such as semicondustors, machine tools, cameras, 
televisions, and consumer electronics were also being 
made and shipped to the United States in 
quantities. 
• • 1ncreas1ng 
Even with the business recovery that began in 1983, 
more and more people began to realize that all was not 
well in American industry. Evidence of a serious disease 
in the tissue of our indus~ial sector became apparent. 
The premier industrial nation of the world had contracted 
a malady that, if not addressed appropriately, would over 
a period of time bring it to its economic knees. 
Productivity 
The problem can generally be explained by the 
deterioration 
productivity. 
in the 
The 
growth rate 
general method 
16 
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productivity is to divide the output of a country, 
adjusted for inflation, by the number of labor hours 
required to create it.1 The measure of productivity is a 
general method of determining the health of an industry 
or country. It shows whether or not continued 
improvements are being made in equipment, management, 
facilities, and methods. Although not felt inunediately, 
a drop in the growth rate of productivity of a country 
competing in a free market will eventially lead to a loss 
of market share due to improvements made by competing 
products. The improvements may be in price, . quality, 
functionality, or combinations of all three. 
The problem had not gone unnoticed by industry 
observers.2 As early as 1971 articles appeared • 1n 
business journals describing the productivity statistics 
and the implications for the future. There did not exist 
a universally accepted explanation as to the cause of the 
problem. There had been an oil embargo in 1973-1974 with 
an unprecedented increase in price. The Vietnam War with 
its associated financial and disruptive consequences 
lRobert H. Hayes and Steven C. 1 Wheelright, 
Restoring Our Competitive Edge (New York: John 
Wiley & Sons, 1984), p. 2. 
2Ibid p. 4. 
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tended to be a factor that clouded the clear explanation 
that.people were looking for as to the reasons for the 
declining productivity. 
Industry leaders began to focus on several possible, 
although not inclusive, major causes of the productivity 
problem: 
1. An • increase in regulations imposed by the 
government such as enviromental, health, and safety. 
2. Restrictions imposed by organized labor. The 
main concern being job classifications that were to 
narrowly confined. 
3. A lack of the introduction of labor • saving 
equipment including automation. 
4. A decline in the proportion of money devoted to 
research and development as a percent of gross national 
product. 
5. A lack of profits being reinvested in the 
company for modern facilities, processes, and equipment. 
The imposition of government regulations to control 
the quality of air, ground water, and natural resources 
of our country although needed, are not implemented 
'-
without a price being paid. Improved equipment for human 
safety and health are difficult to argue against, but 
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carry the same concern; someone must ultimately pay for 
the equipment, paperwork associated with their 
regulation, and time spent deciding what should or should 
not be done to improve the environment of workers. These. 
' 
regulations have been debated by government regulators, 
labor unions,· and industry and although it • 1S hard to 
tell the final outcome, it appears that improvements are 
being made in a justifiable manner for the betterment of 
society as a whole. No intelligent person wants to 
return to the sweatshops and polution of past years. 
The remaining four areas listed above have a 
connecting thread I running thorugh them that has been 
recognized by leaders in industry, labor, and government. 
That thread I 1S the use of more sophisticated equipment 
for the manufacture of -products. A reduction in the size 
of the manufacturing labor force caused by economic 
difficulties experienced by large companies has lead to 
the renegoiation of work rules and has necessitiated the 
introduction of automated machines that replace unskilled 
and semiskilled workers. 
Automation 
The demand for more ~utomated equipment has spawned 
the growth of new companies and industries and· has had 
19 
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revitalizing effect on the country. Money is being 
poured into researching ways to improve the use of 
processes and materials and larger groups of people are 
realizing that a major restructuring is under way. The 
..... 
earlier generation of managers are being replaced by more 
progressive entrepreneurs that have seen the mistakes of 
the previous generation and are determined not to make 
the same ones. 
Manufacturing cannot be done in the future the same 
way it was in the past. If productivity is to increase, 
better methods and equipment must be adapted to the work 
environment to bring about improvements. There has been 
\ 
conceived in the minds of future thinking people a 
picture of the factory that will exist in future years. 
It has many names and is understood differently by each 
person, but there are several elements that seem to be 
consistent in most plans that have surfaced. 
1. The need to be able to manufacture a variety of 
parts without changing the placement of equipment and 
facilities. 
2. The need to be able to respond to a demand of 
the marketplace in an increasingly shorter time period. 
3. The need for improved communication so that 
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• planning can be more detailed and accurate. 
4. The need to control and keep at a minimum the 
capital invested in raw materials and work-in-process 
• 
inventory. 
Several manufacturing concepts have emerged that 
attempt· to solve some portion of the problems that 
prevent us from establishing a futuristic factory today. 
The advent of numerical control systems for machine tools 
was a major step in allowing the automation of a 
manufacturing line. Direct numerical control and 
computer numerical control have added capabilities to the 
automation process. Flexible manufacturing systems and 
computer integrated manufacturing systems are currently 
the most talked about concepts that are guiding research 
in the field today. 
Numerical Control 
Numerical control (NC) is the process whereby 
machine tools are controlled by a series of instructions 
that are coded as numbers, letters, and symbpls. The 
method allows a machine tool to operate from the set of 
instructions without manual intervention. The program is 
initially coded by a part programmer and the instructions 
are punched in hole patterns on a paper or mylar tape for 
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permanent storage. When a particular part is needed, the 
tape for that part is fed into the reader on the machine 
tool, the blank stock is loaded onto the tool and the I· 
machine is activated. As long as new blank stock 
I 
1S 
positioned on the machine tool and finished product is 
taken away, the process will go on without help from an 
operator. The process is generally not capable of taking 
care of tool breakages or unexpected problems, so an 
operator is usually assigned to several machines to take 
care of such needs as they arise. 
Direct Numerical Control 
Direct numerical control (DNC) provided for the 
control of machine tools by directly linking them to a 
computer on a real time basis. Since the speed of the 
computer was so much quicker than the speed of the 
machine tool, several machine tools could be controlled 
by one computer without the need of a punched tape 
program. This control concept allowed for additional 
computational capability in preparing the part program, 
the elimination of punched tapes, the capability of 
storing many programs that could be accessed by the 
computer, and more simple control hardware on each 
machine tool. 
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Computer Numerical Control 
Computer numerical control (CNC) came into being as 
a result of the introduction of smaller less • expensive 
computers. It became possible to dedicate a single 
minicomputer to each machine tool. This concept 
prevented a major concern of the DNC installation; the 
failure of the central computer. With each machine tool 
being controlled by its own minicomputer, the lost time 
resulti.ng from a computer failure 
I I 
was not nearly as 
serious as in a DNC system where one computer controlled 
a large bank of machine tools. 
\ 
· If one machine could be controlled by a computer, 
successive operations could also be linked together. Two 
basic problems with this approach are the handling of rdw 
parts that need to be introduced at the first machine 
tool and the removal of parts from the final machine tool 
in the connected series of operations. The handling of 
parts between operations is a similar problem. To handle 
this situation, part transfer systems were added to the 
series of linked machine tools and a method of feeding 
parts to the machines and removing finished parts 
completed the cycle. This system of machine tools and 
associated part handling equipment has been recently 
"J 23 
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described as an "island of automation," and exist in 
factories today. 
Flexible Manufacturing Systems 
Flexible manufacturing systems (FMS) are the next 
step in connecting islands of automation by use of 
material handling systems. One other important addition 
is in the arrangement of the machine tools,· and fixturing 
·to handle a variety of similar parts. Flexible 
manufacturing systems are organized on the basis of a 
strategy of making similar parts on a given series of 
machines. This strategy is referred to in industry as 
group technology. It is a system of identifying parts 
that have similar manufacturing operations required for 
fabrication. By linking machine tools together that can 
handle a variety of parts and servicing those tools with 
a material handling system that can handle that same 
variety of parts, the basics of a flexible manufacturing 
system are in place. 
The material handling system • 1S the key to the 
development of flexible manufacturing systems. Products 
must move from one workstation to another and must be 
oriented appropriately for the next operation. In the 
past, the material handling function was seen as a 
24 
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necessary expense that added little value to the
 process. 
Today, itr function is seen as 
together {vast numbers of machine 
are capab\e of being automated 
\...... 
,_ f 
the ribbon that ties 
tools and processes that 
and integrated into a 
flexible, self-contained, manufacturing system. 
Computer Integrated Manufacturing 
There is an important function that has so far 
been 
left unaddressed. That function is the contro
l system 
that makes all of the functions happen in th
e correct 
time sequence and also keeps track of the operat
ions on a 
real time basis. The need for an overall contr
ol system 
is the rudimentary idea upon which a computer in
tegrated 
manufacturing (CIM) 
• 1S built • strategy Computer 
integration entails many more functions than 
has been 
indicated, but the idea of linking flexible manu
facturing 
systems into a functional whole is the basis up
on which 
0 
it is built. The computer integration of produc
t design, 
process planning, inventory control, raw 
materials 
ordering, shop floor control, and a host of ot
her areas 
, are being added to the computer integration u
mbrella as 
pieces of the whole. 
These areas have existed in factories for many y
ears 
.. 
and have been virtually independent, self 
contained 
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entities on the shop floor. Typically, there has been a 
desire on the part of management to encourage verticle 
integration of these functions. The difficulty of 
managing across the boundaries between these functions 
has provided the impetus to maintain them as separate 
functions. 
Systems 
Along with the development of the concept of= 
computer integrated manufacturing, another sister concept 
has been seen as an integral part of the improvement 
process; that is the concept of a manufacturing system. 
A manufacturing system could be built without computer 
integration, but it • 1S improbable that a computer 
integrated manufacturing facility could be built without 
looking at the facility from a systems point of view. 
A manufacturing system • 1S simply a unified 
collection of all of the significant organizations that 
contribute to the function of the whole. An example of a 
manufacturing system might include the functions of 
product design, quality control, inventory control, 
manufacturing, testing, and field • service. These 
functions would, however, be under the control of very 
few levels of management. It • 1S important that these 
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functions work together and that all feel a 
responsibility to satisfy the customer that receives the 
finished product. Communications must be constant 
between the functions and there must be a willingness to 
prevent 
functions. 
boundaries from 
THE FACTORY OF THE FUTURE 
being formed between the 
Picture for a moment, an organization that maintains 
a constant flow of information between functions through 
a computer network, designs products specifically taking 
into account the manufacturability and serviceability of 
the product, requires the functions to work as teams 
toward the betterment of each other, utilizes the most 
current production technologies, provides a healthy work 
environment for its employees, does not polute the 
environment, is a good corporate citizen, and makes a 
profit on its activities. Those are the elements that 
will make up the most competitive companies of tomorrow. 
This thesis describes a project that can assist the 
development of the manufacturing systems engineers of the 
future. The development of a wide variety of skills are 
necessary to catch a glimpse of the potential that is 
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within the reach of the American manufacturing industry. 
The conti~ued improvement in manufacturing productivity 
will be dependent on the creative innovations of American 
• companies. If the industry is to survive, there must be 
a constant effort to learn, improve, and push the limits 
of current technology. 
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CHAPTER TWO 
PHYSICAL MODELING AND SIMULATION 
WHAT IS SIMULATION? 
A simulation • 1S "the modeling of a process by a 
process."3 The simulation is the process of operating the 
model. The model is the copy of the real-world process 
under study. An illustration of this concept can be made 
by imagining for a moment that the parachute had not been 
invented yet and the reader had wondered if something 
like a sail could be attached to a person in such a way 
that it would prevent a freefall to the ground 
' 
from 1 an 
I 
airplane. Such an invention would certainly have the 
interest of pilots and passengers that needed to exit an 
aircraft during a mid-flight emergency. The idea was 
intriguing to the point of coming up with several 
prototype models of apparatus that might satisfy the 
functional requirements. The problem, however, was how 
to ·:· see if any of the prototypes would actually work. A 
person that relished risk and adventure might select the 
model he liked best· and try it out by going up in a 
3Richard s. Lehman, Computer~ Simulation and 
Modeling (New York: John Wiley & Sons, 1977), p. 4. 
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aircraft and jumping out. A more timid 
and careful 
person might use the reasoning re
sources at his disposal 
and try to calculate the forces in
volved, the size of the 
sail required to hold a perso
n, and probable wind 
currents before taking the lea
p from the airplane. 
Recognizing the consequences of a 
failure, a more careful 
person might take the prelimin
ary actions one step 
further by tying a log to the m
odel and throwing it out 
of the aircraft to observe its 
function from a safe 
vantage point. If the first mode
l did not work, another 
could be tried of a different desi
gn. \ 
In this simulat
ion the actions • 1S example, the 
involved in tying the log to the 
prototype, taking the 
log and prototype up in an airc
raft to the appropriate 
altitude, throwing them out, obser
ving the action of the 
prototype as it descends, and r
ecording the results of 
the run as simulation data. The m
odel is the device to 
which the log was tied and the
 environment that acted 
upon it as it fell to the earth. 
The primary means of 
extracting information from the
 model is through the 
simulation. 
30 
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MODELS 
Just as an artist uses oils
 for one effect, pastels 
for another, and charcoa
l for still another, a mode
ler 
has several techniques av
ailable that apply to so
me 
(-~ituations better than others. 
The three kinds of models 
that are most often used by
 people 
about a process are: 
1. ~~thematical Models 
2. Computer Models 
3. Physical Models 
to 
I gain information 
. 
Any model is a representat
ion of something else. A 
model may represent a theor
y, a process, a machine,
 a 
system, or an activity, a
nd could be represented by 
any 
of the three methods listed
 above. 
Mathematical Models 
A statement of relationship
s between the rules that 
govern the actions of a 
process written in the code
 of 
standard mathematical n
e"\tation • 1S considered 
a 
mathematical model. T
he notation usually cont
ains 
variables or quantities t
hat can be changed with
out 
disturbing the relationship
s between the governing rule
s. 
In describing the relations
hips between the lengths 
of 
legs in a right triangle 
and the hypotenuse, Pythago
ras 
3:1-·. ·- ,. 
· ,', .. :/.·f·. •0 !• •·~ ·:·u··~,;i ~··~·\· · ~.:,.;-·,' 
· used the mathematical notation: 
A2 + B2 = C2 
This formula could be considered to be a simple 
mathematical model describing the relationship of any 
size triangle as long as one included angle was 90 
' 
degrees. The length of the sides (variables A and B) 
could be changed without changing their relationship 
to the hypotenuse (variable C). 
One difficulty in using mathematical models to 
describe processes that are dynamic is the relationship 
of the variables to time. Although time can be 
represented as a variable in a mathematical model, the 
simulation of the model cannot expeditiously account for 
the passing of time in the same manner as computer or 
physical models. With a computer simulation one can 
observe the dynamic changes as they occur during the 
simulation run. Mathematical models are better suited to 
demonstrate the relationships in more static conditions. 
It is for this reason that computer terminals are 
becoming an i.ntegral part of the simulation of multiple 
dynamic proce.sises. 
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Computer Models 
Through the use of computers many mathematical 
models can be linked together in the proper time sequence 
of the process. The actual clock time for the simulation 
of the model does not necessarily take the same clock 
time as the process that is being modeled, but the proper 
time sequence is maintained. In this way, time dependent 
relationships can be accurately shown and observed 
computer simulation. 
• in a 
Computer modeling has become a popular and useful 
tool • in coming to an understanding of the way 
manufacturing lines should operate. It allows for the 
testing of assumptions about throughput, scrap rates, 
\ cycle times, queue sizes, and a many other items that can 
be reduced to numerical data and categorized 
statistically. The method is useful because it allows 
approximate statistical values to become fact during the 
process of running the simulation. The simulation shows 
the result of the way the process would operate if all of 
the assumptions were actually true. Therein also lies 
the danger of putting too much faith on the result ofr a 
simulation. One fallacy of modeling is the belief that 
if the model runs well, the actual manufacturing process 
0 
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will also run well. This error is most often made as a 
result of time pressure on the modeler.· 
Computer models are usually constructed so that with 
' 
a given set of variables, the outcome will be the same., 
• 
This is helpful in quickly focusing on a problem • in a 
model. If a the system being modeled were an automobile, 
the alternative might be to build a prototype and road 
test the model to determine the problem areas. The 
process of road testing might reveal different answers 
each t~me the model was run due to the inability to 
control all of the variables. They have a saying at Ford 
Motor Company's Control Systems Department, "even if the 
model's wrong it gives you the same wrong answer every 
time."4 In actual road testing a different wrong answer 
may show up every time. 
Computer models allow the design engineer the chance 
to explore many more options than were previously 
possible using other methods. The answers to design 
questions can now be obtained at relatively low cost and 
in a shorter time period. Once a model has been built, 
4pat Rarus, "Computer Simulation in the Auto 
Industry," Simulation, September 1985, p. 147-148. 
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i·t represents the sununation of current knowledge about 
the system, product, or process that is being modeled. 
The design of a new system can often be started from the 
information that is contained in the model of a similar 
system. The waste of reinventing existing knowledge can 
be eliminated. 
Computer models are being developed for many 
applications from social sciences to space travel. The 
use of computer models and simulations are becoming so 
widespread that the Society for Computer Simulation has 
established a standing committee on model credibility. 
The responsibility of the committee is to develop 
terminology, procedures, and qualifying measures for the 
use of determining the credibility of computer models.5 
Physical Models 
Although physical models have been used for years, 
the amount of data collected from their use has grown 
dramatically along with the relevance of the data. 
Rather than simply building a model that looks like the 
object, models today can be made that function and 
5Naim A. Kheir, "Credibility of Models," 
(Panel Discussion), Simulation, August 1985, 
P• 87-89 • I 
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respond appropriately. 
The idea of physically modeling a factory 
manufacturing line I 1S not the panacea for problems 
r 
relating to the installation of a new process. Some of 
the same problems that occur in computer simulations.will 
appear in a physical model also. The difference, 
however, between modeling a process on a computer and 
modeling a process on a physical scale model is that more 
of the unexpected problems show up in/the scale model. 
One might suppose that the introduction of 
mechanical or electrical problems would be the majority 
of unexpected problems that occur. Although these types l ! . 
l 
of difficulties do occur on a random basis, the problems 
of interface between pieces of equipment, inconsistent or 
shoddy maintenance, and lack of dimensional consistency 
of parts appear randomly to degrade the performa~ce of 
the manufacturing lineG All of these problems will not 
be solved by a scale model, but many of them will come to 
light by observing the scale model process at work or 
• in 
\ 
trying to obtain the definitive answers needed to build, 
the model. The reason is that more information must be~~ 
clearly defined for a physical model than for a computer 
simulation. 
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A physical model is a tangible representation of 
·something. It usually has a similar appearance and can, 
at times, look exactly like the item that is being 
modeled. The model usually contains only the portion of 
the item to be examined and does not have to have all of 
the peripheral equipment that may be necessary for the 
actual process or machine. Since models are not usually 
required to operate for an extended period or be 
subjected to the same rigors as the actual equipment, 
they are less expensive to build and operate. It is for 
this reason that models are built. 
important information a~ low cost. 
USES OF PHYSICAL MODELS 
They provide 
When trying to gain information about a system, no 
one modeling techique will be able to provide all of the 
possible information. It should be recognized that the 
selection of a modeling technique will be depend on the 
kind of information that is desired. The use if a 
combination of models is currently possible and may yield 
more precise and usable information than can be obtained 
by the use of any single model. 
The thesis project discussed in this paper is a 
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physical model of a system. Th
e system contains computer 
controls, a material handling s
ubsystem, and a series of 
workstations. A true understan
ding of the overall system 
could not -be obtained by use of
 a physical model alone. 
It is not even possible to p
hysically model the 
entire process due to the natur
e of some elements such as 
controls. A computer model wo
uld provide a substantial 
amount of data and would reveal
 the relationships between 
the time dependent variables
 within the system. A 
\. 
computer model could not, h
owever, provide as much 
relevant information about the 
system as the combination 
of a physical model and a comp
uter model. It is for this 
reason that so much effort has
 been expended toward the 
development of the initial 
components of the physi.cal 
model. 
The making of a physical model 
is time consuming and 
expensive. It has the same s
tigma around it as does the 
use of paper templates by space
 planners. Because the 
items being worked on have the
 appearance of toys, it is 
difficult for many people to s
ee the work as serious 
study. 
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PROBLEMS WITH MODELS 
A model can be developed by the use of mat~~matics, 
computer programs, or physical materials, but it is still 
only a resemblence of the real thing. In the effort to 
utilitize models, there are times when a model I 1S 
developed for a process that does not effectively match 
the application. The enthusiasm for the project 
sometimes clouds the underlying faults that have crept 
into the model. Such situations have occurred frequently 
enough that • since the late 1970's the Society for 
Computer Simulation has been working on methods of 
improving the credibility of models and establishing 
standards whereby credibility can be measured. 
Terminology for this specialized area has been 
' 
standardized and include definitions of ~eality, 
conceptual model, domain of intended application of 
conceptual model, model qualification, computerized 
model, model verification and model validation, and 
finally certification and documentation. 
The basic questions that need to be addressed by the 
modeler to insure that the model will stand the test of 
1 scrutinization are: 
I 
:1 
1: 
' 
1. Does the simulation model function the way that 
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the model builder believes the actual system functions? 
·2. Does the simulation model focus on the primary 
objectives of the system for which it was developed? 
3. What is the level of confidence that the model 
builders have in the results they obtain from the 
simulation? 
4. Has the correct modeling media been selected for 
the system to be modeled? 
5. If other modelers were to really understand the 
operation of the model would they have confidence in - the 
output of the simulation. 
6. Have shortcuts been taken that introduce 
unnecessary risks to the proper performance of the model? 
If a modeler objectively considers these questions, 
r 
the probability of a successful and credible model are 
increased significantly. 
Every person, due to their experience and 
environment, has biases that tend to reduce their 
objectivity. The realization of that, in itself, can be 
a important factor in assisting the modeler in the 
creation of a truly objective approach to the task of 
model building and simulation. The result of the process 
of questioning every ·step of the modeling process is the 
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increased confidence in the results obtained from the 
simulation. 
MODEL VALIDATION 
Establishing the credibility of a model is both 
objective 
portion • 1S 
and 
less 
subjective. Although the subjective 
easily quantified . or explained, it 
provides the most comfort to the user of the model. 
Subjective testing of the model is done by exercising the 
model in trials and demonstrations. The more one uses 
the model the better the understanding of the way it 
functions. Users of models should not expect to become 
confident in the results of a simulation until a period 
,of exercising the model has been experienced. 
Objective testing of a model can be done with 
several approaches, but two that are particularly 
important are sensitivity analysis and error analysis. 
Sensitivity anaylsis is a measure of the change of one 
variable due to the change of another variable. In the 
example of the parachute, one would be interested in the 
rate of descent of the parachute with attached load. If 
the model, is to be effective is must show the change • 1n 
the descent rate caused by the change of other variables 
41 
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such as the size or shape of the s
ail material. If 
extreme changes in,, these two varia
bles did not show a 
change in descent rate, it would be 
difficult to have 
confidence that the model was performi
ng correctly. 
Error analysis has to do with the com
parison of the 
response of a real system to the respo
nse of a model of 
the same system. This approach has 
limitations because 
of the need to have actual data from
 the real system 
before an error analysis of the model 
can be done. 
: .. 
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CHAPTER THREE 
PHYSICAL MODELING AND JUSTIFICATION 
INTRODUCTION 
Associated with the purchase and, installation of any 
capital installation I the of I • is process convincing 
manage~ent that the project • sound investment for the 1S a 
There usually I technical, company. are economic, 
political, safety, environmental, social, and regulatory 
I 
considerations that must be taken into account before a 
decision is made to allocate the money involved for the 
purchase of equipment, materials, and services. This 
process can be referred to as a justification of the 
proposed action or project. The following chapter deals 
with the relationship that a physical model can have on 
the process 
setting. 
of project justification • in a corporate 
The circumstances that surround the justification 
process are necessarily adversarial in nature. That is, 
in order for a project to be examined throughly there 
must be an antagonist (the management) and a proponent 
(the engineer). This opposition to the project leaves 
the responsibility to prove its worth on the shoulders of 
I 
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the engineer. 
ECONOMIC ISSUES 
The demands of profitability in the corporate world 
have been lightly treated by some who are not in the
 
position of having to defend, to an investor, the use of
 
money for expenditures that do not bring a measurable
 
return on the original investment. That attitude quickly
 
disappears, however, when the experience of losing ones
 
job becomes personalized. Management today must 
consider, very carefully, the responsibility to act in
 
the interest of the corporation as a whole. 
One method of used by management is the review of 
major expenditures of the company to insure that projects 
are create more revenue than they absorb. In this
 
situation the corporation grows and has more money to
 
finance other ventures. The process is basic to a free
 
market society and is understood by most people. 
In order to show that a project is economically good 
for the company, the engineer must know the approximat
e 
cost of building, maintaining, and operating the proposed
 
system. 
obtain. 
This information 
I 
1S difficult sometimes to 
The objective of a new system is usually the 
/ 
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resolution of some problems that exist. The difficulty 
comes in knowing what is required to meet the objectives 
in terms of equipment, manpower, and computing support. 
't'--
There are several methods of demonstrating the actions 
and results of a system that have been mentioned • in the 
previous chapter; mathematical, computer, and physical 
modeling. These methods provide a more complete ability 
to understand the system requirements before committing 
money to the project. 
A physical model of a system can be helpful in first 
understanding what is needed to make up the system and 
then demonstrating the actions of the components. Once 
that can be done, the problem of arriving at the cost of 
the system, although not trivial, 
accomplished. 
• 1S more easily 
One of the benefits of developing a physical model 
is that it forces the engineer to take a critical look at 
the details of the system operation. The ~xample of a 
manufacturing system will demonstrate the point. In 
order to produce a product, certain machines must be 
available to perform operations op the raw materials that 
make up the product. Tooling must be provided for each 
machine and a method of • moving the product from one 
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workstation to the other must be established. ' 
Work-in-process storage must be provided along with the 
floor space, utilities, and worker conveniences for the 
facility. In a manual system these items can be 
identified rather easily, but in a computer integrated 
system that contains automation equipment, the interfaces 
between • pieces of equipment and the computing 
requirements for them are sometimes difficult to 
determine. The process of setting up a scale model 
! 
requires a methodical approach of working through the 
system to determine specific requirements for 
operation and interface. 
each 
When the model is completed, not only does the 
-engineer have confidence in his work, there is something 
to demonstrate that will allow others to gain confidence 
also. When management can quickly see the total 
h 
operation of the manufacturing system there is a greater 
probability that the engineer's work will be viewed as 
complete and definitive. The cost of the system can also 
be obtained with a greater measure of confidence. 
TECHNICAL ISSUES 
Technical requirements are explored and defined as a 
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preliminary step to obtaining 
the cost requirements. It 
is usually· not necessary t
o understand every technical 
I 
issue to get a good picture o
f what the cost will be 
because the technical proble
ms tend to be more specific 
in nature. That is, there ma
y be several ways to solve a 
technical problem that must be
 decided upon, but the cost 
of each method could similar. 
A physical model 
• 1S an 
excellent method of looking a
t the technical requirements 
of a system since it forces a
 more detailed look at each 
component of the system. 
Interfaces between pieces of e
quipment is an area of 
particular importance. When 
working up a justification 
it may be tempting defi
ne • maJor 
• pieces the of to 
equipment and gloss over the i
nterfaces. This can lead 
' 
to major implementation problems 
and cost overruns 
because the interfaces are the
 glue·that ties individual 
pieces of equipment together
 and allows them to function 
Communication 
• in protocols todays 
as a system. 
enviromnent is a troublesom
e area for system builders. 
The ability of one piece of eq
uipment to send and receive 
signals from another piece of
 equipment is dependent upon 
the communication protocols t
hat have been built into 
each machine by the manufact
urer. In order for a system 
47 
, ,
 .• \ • I, , 
I 
to operate, several software interface packages may have 
to be written for the combination of components in the 
specific system that • is to be. implemented. The 
development of the specifications during the building of 
a physical model • is one means of forcing the 
identification of details at that level. There are, of 
course, other way of accomplishing the same thing. The 
more complex the system, the • easier it •
 is • to miss 
· important interface requirements. 
POLITICAL ISSUES 
Political issues are the problems associated with 
winning financial support for a project from people who 
are really using the justification as a battleground for 
a different battle. There may be a power struggle 
between managers of one area with management in another. 
one way of fighting each other is to withhold support or 
' -~-- .-·· 
argue against the proposed projects of the other area. A 
physical model I is not going to solve those kind of 
problems, but at least it will clearly define the 
proposed project and focus the arguements on the real 
concerns of the project rather than on some obscure point 
that is misunderstood because the project was not clearly 
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defined to the opposing management. 
SAFETY ISSUES 
The problems of safety are particularly hard to 
see 
when looking at a two dimensional media represen
ting the 
configuration of a proposed manufacturing syste
m. The 
ability to visualize relationships between p
ieces of 
equipment for • ergonomic considerations 
I 
1S impossible. 
The use of a physical model that is accurately s
caled is 
one way to give the safety department a chance to
 give a 
meaningful input to the design of the syste
m at the 
beginni~g of the process rather than at the e
nd when 
changes cause the most difficulty and expense. 
In the justification process the approval and 
support from the safety department can be an i
mportant 
asset in winning the approval from management e
specially 
when the proposed system will remove an unsafe 
condition 
from the factory floor. 
I 
SOCIAL ISSUES 
Social issues are 
around the area might 
the concerns that people living 
have about the proposed 
installation. When a company is trying to ma
intain good 
relations with the coinmunity in which it resi
des, the 
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ability to address social issues becomes 
an important 
basis for building trust within the com
munity. By 
keeping the public aware of what is happening
, there is a 
better working atmosphere when a real prob
lem I arises. 
The element of trust between business a
nd the local 
community cannot be over emphasized. 
The use of displays is especially importan
t when 
trying to present a technical concept to p
eople who are 
not trained in the specific area. A physic
al model I 1S 
something that almost anyone can understan
d at a basic 
level. It is a media that can be understood
 at I various 
depths depending on the training of the perso
n making the 
I 
1S For this reason the physical model observation. 
a 
powerful presentation medium for use with
 people of a 
variety of backgrounds and education lev
els. · Some 
factories have public tours and periodic d
isplays that 
will be viewed by a broad spectrum of 
the local 
population. A well built model will m
ake a good 
impression on the visitors and build confiden
ce and good 
public relations. 
When actually justifying ~ proposed project to 
management, a situation similar to that 
of a public 
display occurs. There are usually people
 present that 
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have little technical background or that have been 
trained • in an area that has little to do with systems 
engineering. A physical model is like the picture that 
is worth a thousand words, except that now the picture is 
an actual three dimensional model that demonstrates the 
movement of the product on the factory floor. 
:( 
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CHAPTER FOUR 
PHYSICAL MODELING AND EDUCATION 
INTRODUCTION 
The 11 depiction of lifes everyday 
situations • in 
simplified form are often referred to 
as a game. In 
actuality a game is the structured essen
ce of a situation 
that can be experienced under controll
ed circumstances 
~ 
with specific rules that restrict th
e variables. The 
games most people are familiar with, su
ch as Monopoly, 
chess, and checkers, have a basis in a p
articular segment 
of society. Monopoly contains the ingre
dients of a free-
market business situation where people a
re allowed to buy 
and sell property in an effort to make a
 profit and build 
a financial empire. Chess and chec
kers are games of 
strategy such as one would encounter in 
war. From them 
one can learn something about the fu
ndamentals of the 
actual experience from which they are ta
ken. 
Any restricted model of a technical
 or social 
experience with rules that allow the pa
rticipants to come 
to grips ~with the problems that 
are regularly 
encountered, could be referred to as a 
game. Games have 
important practical applications in two 
areas: one, as a 
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means of research to study the simulated situation; two, 
as a teaching device to allow students to experience and 
become 
produces. 
familiar with the challenges the situation 
GAMES AS TEACHING TOOLS 
There is nothing new about the use of games to 
increase student interest in classroom activities. They 
tend to produce more involvement by greater numbers of 
people, thereby 
participation of 
simulations along 
increasing the stimulation of and 
students. 
with the 
The introduction of) 
gaming are ( techniques of 
relatively new, however, and are a powerful combination 
in the education process. 
The process of learning is experienced differently 
by almost every person. Each person that seeks new 
knowledge or tries to develop the skills to attack 
difficult problems faces the task of learning something 
about himself. The problem is in finding the vehicles 
that most effectively allow one to store, recall, and 
utilize information that is presented or situations that 
are experienced. Some people find that the greatest 
amount of learning is had by involving as many senses as 
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possible. For instance, feeling a hot object and I seeing 
the result of a burn makes a gt·eater impact upon a person 
than merely reading about the dangers of touching hot 
objects. 
The need to stimulate as many physical senses as 
possible must be tempered by the cost of producing the 
stimulation. An example of that is in the process of 
learning to drive a car. One way to learn to drive is to 
actually use an automobile in the presence of traffic 
with the associated dangers and liabilities· involved. 
For years that was the only way a person could learn. 
The use of books became an important supplement to the 
driving experience because many of the rules of the road 
could be learned prior to getting behind the wheel. This 
saved time due to the improved ability of each student to , 
understand the rules of the road before getting into the 
the drivers seat. Less time behind the wheel for each 
student requires fewer automobiles per student 
population, which reduces the cost of the driver 
education program. 
Today, many schools are using automobile simulators 
to give students more experience with the problems of. 
driving before they use an actual car. With a simulator, 
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25 to 30 students can be instructed my one teacher and a 
greater understanding of the automobile can be had • prior 
to the driving • experience. Again, a reduction of the 
time behind the wheel when the ratio of student to 
teacher is only about 3 to 1. 
The automobile simulator can be referred to as a 
game. It is a restricted life-like experience with rules 
that allow the players to gain an understanding of the 
actual situation that will ultimately be faced on the 
highway. The simulator allows the participation of more 
students and reduces the need to invest in automobiles. 
It also reduces the dangers that are present if the 
learning were to occur behind the wheel of a car. 
THE FUNCTION OF SIMULATION GAMES 
A simulation game played for educational purposes 
must obviously be the vehicle whereby information, 
I 
experience, understanding, and perceptions are 
transferred to the student by participation in the game. 
In order to accomplish that, a game must have three 
ingredients: 
1. The outcome must be dependent on the choices 
made by the players. 
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2. The game must be structured so that the major 
problems of the real-life situation are experienced. 
3. The game must protect the student from actual 
harm while allowing an understanding of the consequences 
that would be suffered if the experience were not a game. 
Choices 
A game that does not provide for a unique ending 
based on the decisions during the game will be unable to 
produce a sense of ownership in the students and will be 
of little value to the participants. 
A parent that does not allow a child the opportunity 
to make little mistakes during the formative years will 
find that lessons important for the development of the 
child have been missed. In order for a child to feel a 
sense of ~ccomplishment there must be the opportunity to 
fail. It is a characteristic of human nature to want to 
' do things on our own. In game playing, players must see 
that the choices they are offered have a direct effect on 
the final outcome of the game. Apathy would certainly 
develop around the Olympics if the gold metal winners 
( 
were announced prior to the event. 
•' 
There is a temptation for many people in charge of 
• running a game to either keep participants from 
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experiencing failure, or to make the game so difficult 
that no one can win. Either situation causes the loss of 
the value of the game. Choices must be structured so 
that players have direct control of their success or 
failure and are able to see that they are in control. 
Problems 
One difficulty of game structuring is matching the 
problems faced in the game with the problems faced in the 
real-life situation that the game is portraying. In the 
example of the driving simulation it is easy to see the 
need to simulate the unexpected actions of other 
motorists and pedestrians. The response of braking 
quickly or swerving to miss an object in the road are 
best learned prior to driving in city traffic. If during 
the driving simulation everything went smoothly and there 
was plenty of time to stop, change lanes, and avoid other 
cars, the student would have a false sense of security 
' 
about driving which could prove fatal when experiencing 
their first actual road test. 
The alternative situation of structuring the 
simulation so that an inordinate number of problems are 
encountered does not have the same negative consequences. 
Airplane pilots learn to handle emergency situations by 
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constant practice. Most actual flights go quite 
smoothly, but simulations are full of dire circumstances 
I 
that test the student pilot's knowledge of emergency 
procedures until they become almost automatic. The 
reason for this is inunediately understandable. There are 
few opportunities for a second chance when responding to 
an emergency at 10,000 ft. in the air. 
For most games to be effective, they need to be 
structured so that there are enough problems to make the 
game a challenge, but not so many as to be impossible to 
handle with a given amount of skill. The best games are 
flexible enough to allow for a variety of student skills. 
Levels of expertise are selected at the beginning of the 
game so that problems are given to the student which 
challenge their skills but do not overwhelm them. 
Consequences 
The outcome of the game is the consequences of 
playing. 
beneficial 
In order to make the learning experience 
the consequences of playing must be • 1n 
proportion to the nature of the decisions made during the 
game. There would probably be very few chess matches 
played if the loosing player were made a slave to the 
• 
• winner. 
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In order for a game to be a learning tool the 
players must be protected from real danger or punishment. 
In life, there are natural consequences that cannot be 
prevented from occurring. These are consequences that 
\ 
teach important lessons. Sometimes the consequences are 
so terrible that a person who has experienced them will 
never willingly participate in the situation again. This 
tends to stop the improvement process and does not allow 
the player to • gain the skills to handle the situation 
when encountered at a later time. In gaming, there must 
be the opportunity to play the game repeatedly so as to 
improve and learn by previous exercises. One significant 
( 
benefit of the driver training simulation game is the 
ability to see the consequences of poor choices without 
experiencing the loss of life or damage to expensive 
vehicles. Pictures of actual automobile wrecks provide 
the reality of the consequences that would have been 
experienced if the game were real-life. 
There is a tendency of the part of some people who 
structure games to reduce the consequences at the end so 
that everyone comes out a winner no matter how poorly 
they played. Not only I 1S this a disservice to the 
participants, it reduces the effectiveness of the 
59 
learning 
I 
experience. In order for a game
 to be a 
productive learning tool there must
 be a match between 
the consequences experienced and the 
choices made. 
MANUFACTURING GAMES 
The application of the techniqu
es of simulation 
gaming to a manufacturing process
 I 1S relatively new. 
During the sununer of 1985 a manufa
cturing game developed 
by International Business Machin
es Corporation and 
borrowed by Lehigh Universit
y as a part of the 
Manufacturing Systems Engineering 
graduate program was 
used to familiarize students with t
he problems associated 
with a manufacturing line. The gam
e had the ingredients 
of choice, problems, and cons
equences. It was an 
excellent learning tool for the ap
plication and produced 
good student interaction. 
From an educational point of view 
it seems apparent 
that more work nee1s to be done to 
involve students 
• 1n 
meaningful experiences that allo
w them to wrestle with 
the concepts that are being present
ed in the classroom. 
One way to do this is to create
 several manufacturing 
environments in the form of ga
mes that 
I 
require the 
students to make decisions abou
t the parameters of a 
I 
I 
I 
J· 
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manufacturing process and then observe the results of 
their decisions on the process. 
Basis for the Model Factory 
So much of higher education is mental and involves 
l 
relatively few other senses. The result is often a 
temporary knowledge of a set of ideas, formulas, 
conceptual structures, and lists. The process of 
learning is most effective when students have the chance 
• to understand the concept and experience the practical 
' 
application, thereby reinforcing the mental exposure with 
the tangible application. With this idea in mind, the 
formulation of a model factory could become the basis for 
a manufacturing game that would be used to teach the 
concepts of manufacturing management and sistems control. 
The project of building a scale model of a factory 
brings to~ether theoretical and practical aspects of 
increased learning in a meaningful way that contributes 
to the education process. The game would provide 
experience in material handling systems, the theory of 
balancing a line, and managing the inventory and order 
points so that a proper balance • 1S maintained between 
money spent on work-in-process and the cost of running 
out of materials. These ideas lend themselves to game 
I 
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playing and physical modeling. 
Learning about a subject without experiencing the 
problems involved is like a discussion of theory without 
application. "One does it and the other talks about how 
it's done and the talk about how it's done never seems to 
match how one does it."6 The idea of putting the theory 
to ·practice in a physical model brings to light problems 
that cannot be encountered in any other way except for an 
actual factory environment. 
One of the primary benefits of building a model 
factory aside from the actual construction will be the 
educational opportunities that will result from its use 
by other students in future years. There will be the 
need to make changes and improvements so that the system 
will remain technically up to date. Manufacturing 
problems can be experienced and ideas tried I 1n an 
environment that allows for failure without catastrophic 
results. Since the model contains the major elements of 
a manufacturing system, experiments can be • run in 
material handling, computer controls, sensors, recovery 
6Robert M. Persig, Zen and the Art of 
Motorcycle Maintenance (New York: William Morrow & 
Company, Inc.), p. 163. 
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strategies, inventory control, queuing problems, line 
balancing, conununications networking, and robotic control 
to name a few. 
The main· features of a game are present. Choices 
are made by students with the outcome dependent upon them 
\/ 
and simulated manufacturing problems are acted out that 
closely resemble a real manufacturing line. Both 
students and equipment are protected from significant 
harm while the consequences of the decisions made by the 
students are visually apparent to them. 
: ........ 
./ 
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CHAPTER FIVE 
MODEL FACTORY 
PROJECT DESCRIPTION 
As the result of an idea originated by m
embers of 
the faculty of Lehigh University, several 
students were 
recruited to build a physical model of 
a factory that 
would exhibit characteristics of an actual 
factory such 
that ideas could be tried, experiments mad
e, and creative 
thought could be fostered in a academic env
ironment. The 
model would consist of a material han
dling system, a 
series of work stations, and the controls
 and sensors 
necessary to implement an automated facto
ry model. The 
controlling unit was to be a computer with 
the ca~ability 
direct 
I 
various the moveable parts of the model a
nd 
to 
sense that the movements had taken place
. There also 
would be the ability to introduce errors an
d plan for the 
recovery of the system. The model was to b
e on the same 
scale as an HO model train and would be 
built around a 
material handling system that would run on
 model train 
tracks. Three students decided to becom
e a part of the 
project and were given the basic idea and allowed 
to 
formulate their own concept about how such 
a system would 
\ 64 
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work and how it would be implemented. 
Although there was an interest from three students, 
it was not until they had met and discussed the project 
that an idea of the desires of each student wa
s 
understood. In the first meeting a decision was made
 to 
separate the project into three basic areas of interest: 
controls, sensors, and material handling. The thre
e 
students included an electrical engineer, who wanted t
o 
. 
work on the controls portion of the model, a chemica
l 
engineer, who was interested in working with sensors, an
d 
I 
engineer, who preferred to develop the a manufacturing 
material handling concepts. It was decided that eac
h 
person would be responsible for their area of interes
t 
and would also see that communication would 
be 
established with the other people so that each area coul
d 
be integrated into the whole. The importance of t
he 
interface between the three areas was recognized and 
a 
conunitment was made to work as a team. 
\ 
The three segments of the project and the 
.responsibility of each are as follows: 
1. MATERIAL HANDLING 
This area covers the design of the carrier that runs 
on· the track, the interface between the carrier and th
e 
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work stations, and the actual work stations themselves. 
The goal of this area was to provide an example of 
the main material handling devices that are • seen in 
industry and to examine the peculiarities of each type of 
handling situation. 
Although any type of material handling station could 
be placed in the system, the initial stations would 
consist of a simple conveyor transfer system, a robotic 
load/unload station, a group-technology cell an automated 
transfer line, an automated assembly station • using an 
indexing table, and- a carousel station. The project 
would allow an unlimited opportunity for future 
reasearchers to add stations to the system as ideas were 
developed. 
2. COMPUTER CONTROLS 
The goal for this area was to be able to operate the 
system in a purely automatea mode with the computer in 
control of scheduling, machine control, and part routing. 
It was anticipated that several material handlers 
would be needed to • service the work stations, which 
introduced a much more complex computer requirement of 
keeping track of the vehicles and avoiding collisions. 
The routing of vehicles and computer control of work 
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station motors and interfaces represents a majority of 
the current challenge. 
3. SENSORS 
The concept of computer control required that each 
·ac:tion of the system be fed back to the computer so that 
the status of the system at any given time could be 
known. This area would involve the methods and devices 
needed to detect actions, positions, and states of 
equipment within the system and feed them back to the 
' 
computer or controlling device. 
With the preliminary organization in place, the 
students were encouraged to: 
1. Design 1st module 
2. Define parts needed and acquire them 
3. Simulate 1st module 
4. Develop a simple control strategy 
5. Incorporate sensors 
6. Demonstrate the concepts of module 
PHASES OF PROJECT 
Due to the complexity of the overall objective, the 
project was broken into three phases to provide for an 
attainable level of accomplishment within a specified 
-~ /.
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time period. 
The first phase would be the establishment of the 
overall goals of the system and the initial structure 
upon which other phases of the project could be built. 
This includes the initial track layout, several operating 
work stations, a strategy for computer control of the 
switching of tracks, and experimentation in the devices 
needed to feedback information to the computer. The 
I 
first phase would result in a nonintegrated system 
operating in a manual mode. Devices and equipment would. 
be selected so that later conversion to computer control 
could be accomplished with a minimal amount of change. 
The second phase would tie the work stations, 
sensors, and material handlers together into an 
integrated system. The major emphasis would be computer 
control of all of the movements of the system and the 
process of feeding back the status of the individual 
components. The introduction of multiple material 
handlers would also be a part of this phase. 
Phase three would be concerned primarily with the 
optimization of the material flow, parts routing, error 
recovery techniques, and additional sophistication in the 
controls, work stations, and material handling methods. 
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GETTING STARTED 
The initial meeting between students was a chance to 
I 
explore the depth of knowledge of each in relation to the 
project to be accomplished and an opportunity to express 
what each person wanted to get out of the study. It was 
determined very quickly that none of the students had any 
. ..__ 
experience with model trains that would compare with the 
depth of the task at hand. Two students had not even 
·operated a model and needed to have some exposure to the 
basic ideas upon which model trains are operated. 
A beginning was made by establishing an initial 
module that could be expanded and improved by succeeding 
students. Since the material handling system would be 
the connecting link between work stations, a track layout 
needed to 
• expansion 
to 
that 
be designed 
fj 
~ 
would take 
that would 
place over 
accommodate the 
time and would 
• service the • various work stations that would be 
developed. Several ideas were sketched and explored to 
see what problems would develop as the ideas were 
consisered. Because of limited space and tools to make 
the model, readily available materials were used that 
could be shaped with basic hand tools. The need to work 
together during the fabrication of the initial track 
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module was recognized and planned. With the completion 
of the first track module each person would begin , 
concentrating on their individual area of interest. 
As a starting point it was decided that an attempt 
would be made to contain the first module on an 8 ft. x 
4 ft. sheet of plywood. As sketches were made of the 
ideas for track layouts it became obvious that a computer 
graphics model would be helpful in trying to accurately 
layout track segments. An experiment with the idea of 
\ 
using an Apple personal computer as a graphics tool was 
tried. That succeeded in producing several track 
' 
segments on the computer but ran into difficulties when 
they needed to be moved around on the screen and attach 
to other segments. It was,determined that the amount of 
time required to complete the graphics aid would be too 
great and the layout was made by trial and error on a 
piece of plywood that had been purchased. 
The second major event was a trip to several hobby 
stores in the area to see what was available locally. 
Particular interest was in the radius of the turns that 
could be constructed and the types and prices of track 
switching segments, angled connection track segments, 
power supplies, and train engines. At this point in time 
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it was planned to use a train engine to pull another car, 
or a series of cars, that would carry the products that 
would be transferred from one work station to another. A 
decision was made to to buy the basic units of a system 
and· experiment with them to find their limitations as 
they related to the planned use of them. 
Early experimentation with the basic equipment 
revealed several constraints that had to be taken into 
. 
I 
account as the system was planned. Of the three track 
radii available, the 18 inch radius was the tightest turn 
that could be handled by the engines if there was to be 
any margin of safety against the engine derailing. An 
initial configuration of the first track module was drawn 
(see Fig. 1), with the possibility of expanding the 
system with other modules in the future. 
A switching unit was disassembled and found it to be 
composed of two coils with a ferrous rod that moved 
between the two coils when one or the other was 
energized. The coils were not designed for continuous 
power but were to be pulsed once in order to switch the 
segment from one section of track to the other. 
, 
The engine ran at a consistent rate when powered by 
a constant voltage, but was not able to be stopped 
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accurately or moved short distances for positioning with 
the existing control system. It was discovered that the 
track segments for several of the proposed layouts would 
have to be electrically isolated from each other and 
powered separately since they would end up shorting the 
power supply without isolation. 
Along with the need to electrically isolate the 
tracks for continuity reasons, if several material 
handlers were to operate independently on the track 
layout, many track segments would have to be powered 
separately. This would allow the independent control of 
material handlers as far as speed and direction of travel 
were concerned. Control of this sophistication would not 
be possible in a manual mode, but would have to be 
reserved for a computer controlled application. 
AUTOMATIC GUIDED VEHICLE 
The original idea for this project was created 
around the HO model train for a material handling system. 
The first methods examined included the use-of a small 
train engine that would pull a flat-car and would be the 
means of moving material from one station to the other. 
The idea proved to be difficult because of the weight of 
the engine and the tendency of the flat car to roll about 
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20 degrees when traveling around curves with a load 
onboard. 
While working on a method of stabilizing the 
flat-car the students took a trip to visit several 
factories in the eastern United States. While at Ford 
Motor Company a model material handling system was shown 
to the students. One component of their system was a 
small two-axeled HO scale cart that had been enclosed 
• in 
an aluminum body. The body was flat on top and was used 
to carry products from one area to another. This vehicle 
was of inunediate interest and inquiries were made about 
where the motor for the cart had been obtained. The Ford 
engineers assured the students that small engines were 
I 
available and could be obtained from model railroad 
catalogues. 
Upon their return from the trip several hobby shops 
were visted and a model of a trolley car was found that 
could be redesigned. The motor and wheels made a good 
base for a sturdy, small material handling cart that 
would simulate very closely the actions of automatic 
guided vehicles that are used in factories today (see 
Fig. 2). This idea simplified the material handler and 
solved several problems at the same time. The cart 
• 1S 
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now the primary material handler in the model system but 
is certainly not the best vehicle that will be produced 
over the life of the model. 
WORK STATIONS 
The creation of several work stations was the next item 
to be given consideration. 
Selection 
In order to obtain the greatest value from the 
model, the material handling system and work stations had 
to operate in a manner similar to those seen in modern 
factories. The approach would be at least a starting 
point for future re~earchers to advance from. A list of 
possible types of work stations to model was drafted and 
reviewed according to feasibility of building, cost of 
. .. ' . . . ~.. . ' . 
·!: 
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' 
fabrication, difficulty of obtaining parts, and ability , . 
... 
to incorporate the station into the overall system. The 
original workstations considered are as follows: 
1. Group technology station 
2. Robotic load/unload station 
3. Overhead chain tow 
4. Conveyor station 
5. Carousel station 
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6. Automatic transfer station 
7. Automated assembly station 
8. Gravity feed station 
In order to demonstrate the concept for this 
project, two stations were selected and built; the 
automated assembly station and the conveyor station. 
(Figures 3 and 4) 
Plan • view sketches have been made for four other 
stations listed above and are shown in the figures 5 
through 8. The sketches of the two stations.built were 
followed in concept only. The attachment of drive motors 
and load/unload pneumatic cylinders were fabricated 
according to the location of the work station on the 
track layout. 
Construction 
The construction of the work stations proved to be a 
challenge due to the limited tools available and the lack 
of time and money required to order precision parts. 
Most of the component parts were obtained from local 
hobby stores and are actually meant for use on model 
cars, trains, and boats. 
Plastic structural members were initially used as 
the basis for one of the workstations. The material was 
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easily cut and bent but the glu
ed joint proved to be 
weak. It was also difficult to hold
 in place until the 
glue became tacky enough to main
tain the joint without 
pressure. L_ocal hobby stores carrie
d both plastic and 
brass structural members, so an exp
eriment was made with 
brass to see if the strength needed 
for the model could 
be obtained. Brass was soft enou
gh to cut by hand and 
could be easily filed for joint fitting req
uirements. 
The strength of the soldered b
rass joints were a 
significant improvement over the glu
ed plastic joints. 
With the basic tools of a file, 
soldering gun, 
hacksaw, and 
• vice the structure for the indexin
g table 
for the automated assembly workatati
on was made. Brass 
tubing was available in sizes th
at fit over the next 
smaller size (the internal diameter of the 
larger • size 
fits over the external diameter of t
he next smaller size) 
so that pieces could be. used as a b
earing for rotating 
axles. This discovery simplified
 an early concern for 
the problem of finding small pillowb
locks. The need for 
height adjusting screws on the workstations wa
s solved by 
purchasing small hardened socket-hea
d cap screws from a 
local hobby store and tapped dir
ectly into the softer 
brass material. The screw acted as 
its own tap. The 
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hardened screws were intended as parts for model 
airplanes controls. The source of minature parts seems 
trivial at this point, but will be found to be of 
I 
significant importance to future students working on the 
model. 
Workstation Motors: 
The control of the workstation movements I 1S a 
potentially useful variable in the operation of the 
model. The ability to control the speed of the 
workstations is the governing factor that directly 
controls the apparent cycle time of the station. Small 
electric direct current motors were first selected as the 
power source for the workstations. Hobby stores carry 
several motors that operate on 12 volts and cost from $6 
to $55. The problem is in the operating speed of the 
motor. All of the miniature motors found in stores and 
catalogues ran at 9000 to 15000 rpm. Precision gears for 
speed reduction to a usable speed (3 to 10 rpm) were 
relatively • expensive ($5 to $12 each) and were not 
available locally. The importance of obtaining model 
parts from the local area was necessitated due to the 
limited amount of time available for ordering parts 
from a distant supplier. Also, small parts cannot be 
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ordered one at a time because the vendors require minimum 
orders of about $50. The ability to drive to a local 
store to find parts rather than ordering through a 
catalogue was found to be beneficial since parts do not 
always fit and function the way 
catalogues. 
they appear • in 
After several searches, workable alternating current 
gear-motors with built-in gear reductions to the 
appropriate rpm were obtained from Albarell Electric in 
Bethlehem, Pa. for $20 each. No inexpensive way to 
control the speed of the motors was found, so they were 
installed as a temporary measure until something better 
could be found. 
The transfer of power from the motor shafts to the 
workstations was done by mounting the motors under the 
plywood base of the model and attaching a set of 90 
degree bevel gears between the motor shaft and the shaft 
coming from the workstation. The bevel gears are 
replacement parts from the differential gears for radio 
controlled model cars. 
Description of Workstation Operation 
The two workstations that were built are powered 
similarly but operate in a difference sequence with the 
78 
material handling cart. 
Robotic Assembly Station: 
The robotic assembly station transfers the product 
from one robot to the other by means of an indexing table 
(see Fig. 3). The interface between the workstation and 
the material handling cart is the load/unload mechanism 
consisting of two pneumatic cylinders mounted such that 
the extension of one cylinder pushes the product from the 
indexing table to the cart and the other from the cart to 
the indexing table. The cylinder used depends on the 
action required. 
For the robotic assembly station the sequence is as 
follows: 
1. The position directly in front of the material 
handling track must -be empty. 
2. Both pneumatic cylinders must be retracted. 
3. The indexing table must be stopped. 
4. The material handling cart stops at the 
load/unload position with a raw product onboard. 
5. The pneumatic cylinder that unloads the cart • 1S 
activated and pushes the product onto the indexing table. 
6. The indexing table • 1S activated to rotate 72 
degrees, which moves the table one position. Every 
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product on the table rotates to the next station for the 
subsequent operation that will be performed by the robot 
at that station. The cycle time for each robot at this 
station must be balanced so that each robot has about the 
same amount of work to do. 
7. The finished product coming from the last 
assembly station is now in position to be loaded on to 
the material handling cart. The pneumatic cylinder that 
loads the cart is now activated and the product is pushed 
onto the cart. 
8. The cycle is now complete and each robot has a 
new product at it's station that is ready for the 
operation to be performed. The material handling cart 
can be powered and sent to the next station in the 
operation sequence. 
Conveyor Station: 
The conveyor acts as a queue so that the machine 
tool can operate while the station is being serviced by 
the material handling cart (see Fig. 4). The sequence is 
as follows: 
1. At the beginning of the cycle the machine tool 
is performing an operation of the product directly 
• in 
front of the tool. The input queue is empty and the 
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output queue has a finished product in position waiting 
to be loa~ed onto the material handling cart. 
2. The material. handling cart moves into the unload 
position earring a raw product. The pneumatic cylinder 
that unloads the cart is activated and pushes the product 
onto the conveyor. 
3. The cart is then powered to the opposite end of 
the conveyor to the load position and stopped. 
4. The load cylinder is activated and pushes the 
finished product onto the cart for removal to the next 
station. 
5. The machine tool completes the operation and the 
conveyor is activated to bring a new product in front of 
the machine tool and to take tre finished product to the 
end of the conveyor, which is the load station for the 
material handling cart. 
p 
6. The machine tool begins the operation on the new 
product and signals the control system requesting service 
from the material handling system. If the material , 
handling system does not service the conveyor station 
during the cycle time of the machine tool the conveyor 
cannot be activated and the workstation must wait for 
• service. 
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Although both work stations operate in a similar 
manner there are significant differences in the control 
requirements for each station. Preliminary designs have 
been completed for four other workstations (see Figs. 
5-8). These and other stations will be built by other 
students over the life of the model factory. The variety 
of the work stations that ultimately will be included in 
the model is limited only by the imagination of the 
people involved. 
AGV/Workstation In~erface 
The method of moving products from the material 
handling system to the workstations and back again was 
first planned to be a gravity feed shoot. The products 
where to be marbles or balls that could be rolled along 
the shoot. A desire to find a more positive method of 
moving products between the material handling system and 
the workstations resulted in the exploration of sliding 
mechanisms as material movers. 
A solenoid plunger was thought to be a means of 
accomplishing a sliding motion. Another mechanism that 
was considered was a small motor attached to a threaded 
rod by means of a worm gear., When the motor turned, the 
threaded rod acted as a plunger. The action of the motor 
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and plunger would be slow enough to pus
h the product. 
smoothly whereas the solenoid action tends
 to be jerky 
and fast. 
The model at Ford provided another idea th
at matched 
a desire to move the material in a m
ore controlled 
manner. The engineers at Ford had 
mounted small 
pneumatic cylinders at load/unload station
s and simply 
pushed the products on and off of the ma
terial handling 
cart using pressure controlled pneumat
ic valves to 
operate the cylinders. 
After checking with several suppliers, a 
source for 
1·;16 ths inch diameter pneumatic cylinders 
with a stroke 
length sufficient for the job was found. The compone
nts 
' 
for the pneumatic system are on order at 
the time this 
thesis is being written but have not arr
ived. Figure 9 
is a schematic of the pneumatic system for
 the cylinders. 
Additional po~ts on the manifold have b
een included so 
that other applications of pn~umatic cylin
ders could be 
added to the system without difficulty. 
Controls, Logic, and Feedback 
Although the first phase of the project provides 
only a manually operated system, the wor
kstations have 
been designed with the projected use of sensors a
nd 
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computer control • mind. The I work the in primary on 
implementation of controls and sensors is being done by 
others, but the logic of the operation sequence for the 
workstations • part of this thesis. Sensor is a 
requirements have been shown • Figures 10-24. This in 
informaton will be used to determine the kind of sensors 
to be used in the specific application and will also be 
used to determine how the signals will be interfaced with 
the controls system. 
Table 1 shows the correlation of the desired 
movement of each conveyor workstation element with the 
- --,.. 
' 
status of each conveyor workstation variable. The method 
of checking the status prior to the movement of the 
workstation element is being determined as a part of the 
control system. The movement of the workstation elements 
such as motors and pneumatic cylinders is coordinated 
' 
with the variables to prevent damage to the workstation 
and to more realistically model an actual 
environment • 
..., ......... ... 
factory 
Figures 10 - 24 are simple logic diagrams that show 
the relationships between the desired workstation element 
movement and the associated workstation variable that 
could affect the movement. For instance, in order to 
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start the motor that moves the conveyor 
(see Fig. 11), 
the machine tool operation cycle should be 
completed, the 
conveyor should be in the off position, the
 finished part 
should have been removed from the end of th
e conveyor, a 
raw part should be in position at the f
eed end of the 
conveyor, and the load plunger of the pneu
matic cylinder 
should be in the retracted position. I
f any of these 
conditions are not set, the proper ope
ration of the 
workstation would be in jeopardy. 
All of these variables must be set for the 
logic to 
allow the motor to be activated and are co
nnected through 
an AND gate. The exception is when the· m
anual override 
is set to allow the manual operation of t
he workstation. 
The manual override condition is connected
 with the other 
variables through an OR gate. When the v
arious AND and 
OR conditions are set, signal 
I 
1S sent out on the a 
appropriate line to turn the motor for 
the conveyor to 
the "on" position and a timer is set to co
unt the time 
that has elapsed sin~e the motor was activ
ated. By this 
means the motor can be turned "off" when th
e conveyor 
at the proper position. 
I 1S 
Tying together the action of the workstati
ons at the 
interfaces is an example of one of the 
most important 
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contributions of working with a physical model. It 
forces the engineer to understand the relationships and 
provide for their proper interaction. 
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CHAPTER SIX 
IDEAS FOR THE FUTURE AND CONCLUSIONS 
A discussion of the future work that should be done 
on the model along with the conclusions from the modeling 
experience are presented in this chapter. Since it is 
beneficial to broaden ones horizon, several ideas for the 
future modeling will also be given to stimulate thought 
about what might be done in the years to come with 
emerging technologies. 
FUTURE WORK 
The Work to be done on the model can be categorized 
into two headings. The development of more and better 
workstations and the development of more sophisticated 
material handling equipment and concepts. 
Workstation Development 
Since only two workstations have been built it is 
' 
obvious that at least four others need to be constructed. ~ 
A concept sketch has been drawn for these stations (see 
Figures 5-8), but they will require much more work before 
a useable piece of equipment is ready for installation on 
the model. 
one problem with the material handling concept now 
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in place is the lack of control of the product. There is 
no current method of correctly positioning the product on 
the cart, the conveyor, or indexing table. The addition 
of positioning stops needs to be made. 
At the time of writing this paper the pneumatic 
cylinders and related equipment had not been sent from 
the supplier. One of the first things that needs to be 
done is the installation of the cylinders over one of the 
stations to act as the load/unload device for the 
material handler. The equipment has been ordered to 
.::, 
construct cylinders over only one station to see if the 
< 
equipment operates as expected. The source for the 
equipment is the Air and Hydraulic Equipment Company and 
catalogues for the equipment will be available to 
continuing students. 
The addition of a microbot interconnected to a 
workstation would be an improvement that would add 
variety and interest to the model. There is a sketch of 
a workstation that uses a microbot as a load/unload 
mechanism (see Figure 6)' but there are other 
applications that could also be implemented. • • A vision 
system application would also be a means to provide an 
example of the latest technology in use in industry. The 
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vision system may fall under the area of sensors, but 
could also apply to the material handling portion of a 
workstation. 
------ At this time none of the workstations actually make 
anything or even alter anything for that matter. An 
interesting idea would be a station that performed some 
operation that changed the product so that it could be 
seen as having had an operation performed at the station. 
This idea could be·expanded to include several stations 
that were a part of the ma~ufacture of a real item. 
The addition of bar-code readers to determine the 
location of material handlers along with state-of-the-art 
sensors such as laser beams and infra-red detectors could 
d 
be utilized to control motion and detect the position of 
products and equipment. The model has been initiated 
{ 
with expansion in mind. This ability to expand on the 
original layout supposes that the continued use of the 
track will be made. The development of a vehicle that 
would be directly controlled by the computer or an 
intelligent cart with its own computer on board will be 
\ 
possible at some point in time and would not have to 
depend on the track system at all. 
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Material Handling Development 
A miniature automated storage and retrieval system
 
that interfaces with the material handling cart wou
ld be 
the link that completes the cycle of the manufac
turing 
process. Such a station would be a major subsystem of 
the factory and would be the means of providing a c
hance 
for students to gain an understanding of the high
-rise 
storage systems. 
The movement of the material handling. cart 
• 1S 
currently under the control of the computer by mea
ns of 
the power supply and track switches. 
Radio 
< 
coro.munications between a computer and the ma
terial 
handling cart is currently being developed. 
The 
application of a radio signal for communications o
n the 
model should be considered in the next few years. 
The 
successful installation of these changes would be a 
major 
accomplishment and would provide future students 
with 
other ideas for the development of increasingly
 more 
innovative ideas for the model. ... 
CONCLUSIONS 
Participating in the development of the mod
el 
factory has been an opportunity to learn about se
veral 
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things. The process of creative thinking, modeling and 
simulation, and particularly physical modeling causes a 
reexamination of old values. There have been challenges, 
problems, and insights that have come from the 
• experience. The process also offers the experience of 
/ working with other people in a combined project. 
• 
What Physical Models are Good For 
As indicated in the body of this paper physical 
models have three • main benefits. They are useful in 
simulation, education·, and justification. The first two 
are closely related. The process of simulating something 
is part of the process of learning about it. As strictly 
an educational tool, a physical model provides students 
the chance to obtain more of a working knowledge about 
systems, machines, and interfaces between subsystems. 
The model would probably be utilized most effectively by 
students after they have been exposed to the concepts of 
system integration, which are the basis of its operation. 
The model that is a part of this project was made 
from materials that were not specifically designed to be 
used together. The problem of identifying parts and 
finding materials that would work in the application was 
time consuming and at times frustrating. There is one 
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company ---that makes miniature equipment for physical 
models and there may be others. The .use of commercially 
_ .. _., 
available kits such as this have some benefits that 
should be recognized. The primary benefit of using model 
kits is the time saved I in looking for parts. If a 
particular model part is not available for an application 
that I 1S required, then other materials should be 
explored. The drawback of this approach is the expense 
involved in purchasing standard model kit parts. They 
are not inexpensive. A mo4e1 factory project similar to 
the one described in this paper could cost in the range 
of $25,000. If a model were to be made for an 
application in industry, the time 
I 
savings in locating 
miniature parts would probably be worth the added 
expense. The pieces of a kit could also be easily 
disassembled for use in another model. 
The value of winning approval of a proposed system 
by use of a physical model is not easy to quantify. The 
building of a model certainly tells management that this 
is a project that has been thoughtfully considered and 
planned. It also gives people something to see rather 
,, 
than hav~ng to construct a mental image after listening 
to a presentation from the engineers involved. Building 
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physical models is a technique utilize
d by architects and 
developers for years. They know th
at when people have 
something to look at they have a bette
r chance of winning 
support for the project. That is the real objec
t of the 
process of justification. 
What are the Problems? 
The problems involved in building a m
odel are the 
stigma associated with modeling, t
he time required to 
build a quality model, and the cost of
 constructing the 
model. 
Time I 1S always short when 
working on new 
installations. The time spent buildin
g a model could be 
used to do something else and this 
is where the stigma 
comes in. It is a rare person that s
ees the benefit of 
working through the process of min
iature construction. 
One answer to this problem might be to
 contract the work 
out to a hobbyist or professional-m
odel builder if one 
can be found. Once the model is comp
leted, some of its 
value is usually recognized. The cos
t of the model will 
be difficult to, justify if management is not awar
e of the 
benefits that building a model ca
n produce. When a 
project is rushed at the beginning, and shortc
uts are 
made, the resulting installation will
 be substandard and 
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more money will be spent fixing the problems than would 
have been spent doing the job right the first time. 
Working on a model takes a combination of thinking 
and manual dexterity. One needs to be familiar with hand 
tools, modeling materials and the concepts of mechanical 
I 
and electrical construction. It helps to know a little 
about a lot of things so that various pieces of equipment 
can be put to usr on the model. 
What I Have Learned 
In order to simulate something one must know about 
the system to be modeled. The process of trying to 
functionally describe 1a system causes basic questions to 
be asked. What is the system supposed to do? Why was it 
designed the way it was? Have all of the variables been 
recognized and described? Is there a better way to 
accomplish the same thing? 
These questions are particularly important when 
there is no satisfactory way to model the system on a 
miniature scale. Actual working models of machine tools 
and material handling devices that were the proper scale 
for the project could not be found. What was needed was 
the creation of something that functionally described the 
variable and demonstrated that it could be used to 
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simulate the real thing. Wrestling with these kinds 
problems causes one to visualize things in a different 
way. 
Sometimes people get used to seeing something 
I in 
only one way, the way it has functioned before; the way 
we have always known it. A simple example to demonstrate 
the concept was the problem of finding a conveyor belt 
for the conveyor station. The material for an actual 
conveyor belt was not available and a suitable substitute 
needed to be found. An effort was made to find 
rubberized material in hardware stores and craft shops, 
but without success. This type of search causes one to 
look at the function of the the conveyor belt material 
and trying to find other things that would fill the same 
need. Ribbon that was wide enough was too slick. It was 
also not elastic and would not remain tight around the 
rollers. Thought was given about cutting up a tire 
innertube but that did not seem to be flat enough to roll 
correctly. The possibility of an elastic bandage wrap 
was tried, but the correct width could not be found. A 
fabric store was then tried and waistband elastic fit all 
of the requirements of the material that was needed for 
the conveyor. After cutting it to length and sewing the 
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ends together it worked successfully. 
This process of looking at known things • in a new 
light is part of the process of creative thinking. It is 
especially important in trying to build something when 
standardized materials are not available. The process of 
building a model is an example of that situation. 
Another insight that became obvious during the 
process of working on the model was the difficulty people 
had of understanding the depth of the work we were doing 
from merely observing the outward appearance of the 
model. Some things that were apparent to those working 
on the model were completely unknowable by someone 
looking at the work even though they had a similar 
background. 
Although the workstations that were made for the 
model look something like their life-sized counterparts 
in a factory, they do not actually manufacture products. 
The scale model workstations do have cycle times and must 
be integated with motors, valves, and switches to operate 
properly, but the nature of the integration is similar 
enough to factory machines that working on the model will 
teach one about the function and operation of factory 
machines. This simple concept is often missed by an 
122 .~: 
outside observer. 
A manufacturing system has more critical components· 
than machines. The genius of a system is the people that 
have built and control the system. They may be in ·the 
background once a sophisticated system is operating, but 
to understand the system, one must know something of its 
a I 
or1g1n. That knowledge 
I 1S found by the process of 
learning from the people that conceived the plan upon 
which it was built. Sometimes the information can be 
obtained by observation and experimentation, but one is 
never sure if a true knowledge of the purpose of the 
,, 
system is ever understood. Communication with the 
original system designers is probably the most important 
aspect of learning about a system. 
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